A novel broadbeam aperture-coupled coplanar parasitic rectangular dielectric resonator antenna is proposed which yields broadbeam in both working planes simultaneously. The antenna consists of a main radiating rectangular dielectric element centered over a wide feed slot and two parasitic rectangular dielectric elements one on each side of the main radiating element with an optimum gap in between. The dielectric height and wide slot both play an important role in enhancing the beamwidth in two principal planes simultaneously. It is validated that inclusion of parasitic elements enhances the broadbeam bandwidth in addition to frequency bandwidth. First three azimuthal modes are excited out of which first two modes T E x 111 and T E x 112 are desired. The proposed antenna is compared with single element rectangular dielectric resonator antenna. To validate the proposed design, a prototype is fabricated and measured. The simulated and measured operating frequency bands of the proposed antenna respectively are 4.8 to 6.9 GHz and 5 to 6.8 GHz. The measured E-and H-plane beamwidths range from 115 • to 144 • and from 115 • to 124 • , respectively, yielding a wider coverage area.
INTRODUCTION
Many recent applications such as GPS (1575.42 MHz, 1227.60 MHz, 1176.45 MHz), telemetry (900 − −928 MHz), and tele-control systems all require an antenna that can provide uniform response over entire upper hemisphere and high gain at low angles. Additionally, safety applications like Adaptive Cruise Control (ACC) and forward collision alert, all use Automotive Radar which needs to have a wide field of view [1] . The latter operates at frequencies above 70 GHz. Microstrip patch antennas (MPA) have so far been used for their attractive features like conformity and low cost. However, for MPAs conductor losses become considerable at millimeter wave frequencies, and they exhibit narrow beam characteristics. Typically, MPAs have E-plane beamwidth of 110 • and H-plane beamwidth of 70 • and consequently do not comply with the wide beam requirement of above mentioned applications. Dielectric resonator antennas (DRA), however, exhibit no ohmic losses at the mentioned frequency bands [2] . Therefore, DRAs become strong contenders for applications like ACC and forward collision alert where wide beamwidth radar antennas are required. Additionally, a wide beamwidth antenna is also required for GPS, telemetry and tele-control system. Therefore, considering the requirement of prospective applications, there is a dire need of research in the design of broad beamwidth DRAs.
Many solutions for broadening the beamwidth have been proposed for MPAs in the literature such as using artificial electromagnetic materials [2] . A wide beam is achieved in [3] where the dielectric constant of the antenna substrate is artificially modified using arrays of metamaterial inclusions. In [4] , the ground of the patch is transformed to a ridge-shaped ground plane to realize wide-beam characteristics. In [5] , a composite substrate is used for a microstrip patch antenna to enhance the beamwidth.
There has been a lot of research invested into beamwidth enhancement in microstrip patch antennas. Dielectric resonator antennas (DRA), however, have been investigated for a wide range of attribute improvement like bandwidth enhancement, sidelobe reduction, achieving modal purity, etc. but have not been investigated for broad beamwidth in both working planes simultaneously. Achieving wide beam, one plane is relatively less challenging than aiming for broadbeam radiation patterns in two planes simultaneously. As mentioned above, safety applications operate in millimeter frequency bands, and there is a dire need of research in DRAs in this particular regard since they prove to be better contenders as antennas used for millimeter wave frequency bands. In literature, a meager amount of research can be found on beamwidth enhancement of DRAs in particular and is mentioned as follows. In [6] , dielectrics were used to enhance the beamwidth of microstrip patch antenna. In [7] [8] [9] [10] , techniques such as dielectric loading, carved ground plane, reduced ground plane, and patch loaded DRAs have been used to enhance the beamwidth of DRAs, respectively.
In this paper, beamwidth enhancement method is presented for a DRA. A novel broadbeam copolanar-parasitic rectangular DRA (CoP-RDRA) is proposed which yields broad beam radiation patterns in E-and H-planes simultaneously without utilizing a complex feed mechanism. The novelty of the feed mechanism lies in the fact that a wide feed slot alone excites the two desired modes which are critical to broadside widebeam performance in two planes simultaneously. This is achieved by enhancing the modal resonance bandwidth and merging the two consecutive modes resonances. No additional feed mechanism is required to efficiently couple the two modes, keeping the antenna simple from fabrication view point. However, all the important parameters critical to achieving broad beamwidth in two principal planes simultaneously have been identified, and relations between the wavelength of Mode-I frequency and these parameters have been drawn which give initial values for design dimensions. It is found that parasitic dielectric elements at an optimum gap length from radiating element play an important role in enhancing the beamwidth bandwidth of the antenna and will be shown in the following sections. Here, it is imperative to define the term 'beamwidth bandwidth' as a band of frequencies where the antenna yields broad beamwidth of more than 110 • in two planes simultaneously. Single element rectangular dielectric resonator antenna (RDRA) is also designed, and the results are compared with proposed CoP-RDRA in terms of beamwidths in E-and H-planes, beamwidth bandwidth, and radiation pattern stability. The comparisons clearly show that the proposed CoP-RDRA yields wide broadbeam bandwidth with stable radiation patterns and a broadbeam radiation pattern in both principal planes simultaneously.
The paper is organized as follows. In Section 2, the antenna configuration is explained. Design principal and working mechanism based on results from HFSS eigen mode solver are explained in Section 3. Finally in Section 4, antenna performance is discussed in terms of simulated and measured results. Section 5 presents the conclusion.
ANTENNA CONFIGURATION
The coplanar parasitic rectangular dielectric resonator antenna is illustrated in Figure 1 . The antenna consists of a rectangular dielectric resonator (RDR) radiating element with width W DR = 6 mm and two parasitic elements denoted as PE, placed on two sides of the main radiating element, with width of each being W PE = 4 mm. The RDR elements having height H = 18 mm and breadth B = 12 mm are assembled with 2 mm wide pieces joined t laterally under pressure with an adhesive to achieve the required widths of 6 mm and 4 mm. The dielectric constant of the RDR is chosen to be dr = 9.8 and is fed by aperture slot of size L s × W s , where L s = 0.203λ g and W s = 0.115λ g . The slot is excited by a 50 Ω microstrip feed line of width W f = 3.5 mm. The width of microstrip feed line is determined by substrate relative permittivity and thickness. Its length is optimized to match with commercially available 50 Ω SMA connectors. Several parametric sweeps were run to optimize the slot length and width. The stub of length st = 0.0785λ g , starting from the centre of the aperture slot to end of the microstrip line, is used for optimum impedance matching. The substrate used is FR4 with thickness ts = 2 mm. The optimum substrate size is L × L, where L = 1.23λ g . The gap between the radiating and parasitic RDR elements is g = 0.0535λ g = 3 mm. λ g is obtained using Mode-I frequency which is 5.34 GHz as computed by HFSS Eigen Mode Solver. The filling material used in the gaps between radiating element and PEs is foam with dielectric constant, f = 1 which is equal to that of air. Its width is 3 mm equal to the gap length. This foam helps ensure that the gap length is 3 mm. The effects of air have been considered in the simulations.
DESIGN CONCEPT AND MODE ANALYSIS

Design Concept
The initial values for the dimensions of the rectangular DRA were obtained using the curves given in [11] which plot the normalized frequency F versus the ratio of DRA dimensions d/b for various ratios of a/b where a, b, and d in the reference correspond to B, H, and W (width of RDRA) in this paper. The normalized frequency is defined as:
For instance, in our case, to solve for a starting value of RDRA resonant frequency with dr = 9.8, the dimensions B = H = W = 12 mm were used to get F = 5, and using the curves, f o was found to be 6.35 GHz. The dimensions of RDRA, however, later on went through metamorphic transition and were optimized for broadbeam operation. The single element RDRA was fed with an aperture slot. It was found through simulations and experimentation that the antenna yielded broadbeam radiation patterns in two planes simultaneously at a particular height and a wide slot. Simulations showed that as the slot width was increased, modal resonance bandwidth was increased which was critical for achieving wide beam pattern in both planes. RDRA yielded broadbeam in the upper frequency band of Mode-I resonance bandwidth, i.e., the band of frequencies between Mode-I and Mode-II. H and slot dimensions, L s and W s were found to have a consistent relation with the Mode-I frequency wavelength named as λ g . Mode-I frequency was found using HFSS eigen-mode solver which in this case came out to be 5.2 GHz, and the DR height H was 18 mm = 0.315λ g . This was done for single element RDRA which yielded broadbeam in two principal planes at very narrow band of frequencies. However, this initial work paved the way and formed a basis for the design of CoP-RDRA. These results will be presented and discussed in detail in the following discussion.
Moving on to the design of CoP-RDRA, we start with a well established fact that introducing air gaps in the DR tends to enhance the impedance bandwidth of the antenna. We applied the same principle and attempted to increase the beamwidth bandwidth of the DRA since introducing gaps to enhance beamwidth-bandwidth has not been reported in the literature. Horizontal gaps usually increase the impedance bandwidth; however, the same approach did not help enhance the beamwidth bandwidth. Therefore, vertical gaps were introduced. Then, we used HFSS eigen mode solver to identify the modal frequencies of the isolated RDR with vertical gaps. This gives us initial values for important parameters like dielectric resonator (DR) height, H, gap length, g, DR radiating element width, W DR , and DR parasitic element width, W PE in terms of Mode-I frequency wavelength. Here, it is imperative to mention that the initial calculations carried out for single element RDRA played an important role in setting the initial dimensions for CoP-RDR. Figure 2 presents the variation of mode frequencies with varying height H for a CoP-RDR. As can be seen from Figure 2 , there is no variation in Mode-I frequency with changing dielectric resonator height H. The plot points towards an important trait that the antenna yields broadbeam in two planes at frequencies between Mode-I and Mode-II resonances. Therefore, Mode-I frequency provides an initial marker for successfully identifying the broadbeam frequencies. The next step will be to specify the DR height optimum for broadbeam operation. However, using the calculation for single element RDR, the optimum height has already been pointed out to be 18 mm, and the antenna dimensions have a consistent relation with Mode-I frequency wavelength because it does not change with varying DR height. The optimum DR height is found to be 0.32λ g . Once the height is identified, the exact frequency band at which the antenna yields broad beamwidth in two principle planes can be predicted. Next, critical step will be to successfully excite the desired broadside modes by choosing an optimum feed dimension and location. It is well known that in aperture-coupled CDRAs and RDRAs, broadside modes are excited when the slot is located below the central region of the DR [23] . Two important points need to be kept in consideration while feed dimensions are optimized; 1) to excite Mode-I and Mode-II, 2) to choose the dimensions so that modal resonance bandwidths are increased. This is achieved by increasing the slot width. It was found by simulations and experiments that the broadbeam frequencies occupy a band higher frequency part of Mode-I resonance bandwidth. Figure 3 and Figure 4 show the vector field distributions inside the single element RDR and CoP-RDR at 5.5 GHz and 5.8 GHz, respectively. In Figure 3 , it can be seen that the E-field configuration is of an azimuthal higher order mode owing to the presence of a full E-field cycle. This is identified as T E x 112 mode. The radiation from single element RDRA owes to this mode which alone yields a broad beamwidth in both principal planes but cannot enhance the beamwidth bandwidth. In Figure 4 , however, there are two E-field configurations seen simultaneously. A complete E-field cycle can be seen in the radiating element; alternatively it can be said that there are two E-field half cycles in the azimuthal direction, clearly implying that the mode is azimuthal higher order mode T E x 112 . The E-fields inside the parasitic dielectric elements, however, are induced fields suggesting that the mode is fundamental TE mode, i.e., T E x 111 . Therefore, in CoP-RDRA, there are two modes that are simultaneously excited owing to the presence of parasitic elements. It is due to these two broadside modes that the antenna yields broadbeam in two planes simultaneously and over a broader range of frequencies. Here it is vital to mention that initially the vertical gaps introduced were smaller, but as the design takes its final form through optimizations, the gap length increases to an extent that the side elements are no longer fed directly by the aperture slot, but they are parasitically fed by the main radiating element. Therefore, the antenna configuration is more of a coplanar parasitic form than just air gaps. Once the broadbeam band of frequencies is successfully enhanced by introducing parasitic DR elements, fine tuning of an important parameter can be even more lucrative towards achieving the goal. Gap length between the radiating element and parasitic elements is an important parameter that plays a vital role in enhancing the beamwidth bandwidth. Table 1 enlists E-plane and H-plane beamwidths at 5.5 GHz corresponding to various gap lengths. The effect of gap length on beamwidth bandwidth can also be observed from Table 1 . The E-plane and H-plane beamwidths at 5.5 GHz of CoPRDRA with various gap lengths. Table 1 reveals two significant facts; as the gap increases, the frequency of operation and the broadbeam frequencies shift towards higher values, and the beamwidth bandwidth increases with larger gap. Furthermore, slight change in gap length affects the beam pattern, beamwidth, and frequency shift of the antenna.
Mode Analysis
Gap (mm) E-plane HPBW H-plane HPBW Broadbeam band
Based on the above results, we summarize the steps for the design of broadbeam of CoP-RDRA. First calculate the estimated frequency using Eq. (1) for initial dimensions of RDR. Those dimensions and f o may be used as initial values in eigen mode solver settings to find Mode-I frequency. Using this wavelength at this frequency (λ g ), aperture slot dimensions are calculated by L s = 0.203λ g and W s = 0.115λ g . How slot dimensions are optimized will be shown in the next section. Also change the DR height H as 0.315λ g . This will result in a broadbeam single element RDRA and serve as a basis for the design of a broadbeam CoP-RDRA. Now, since the optimum DR height has been decided, one must calculate the widths of the main radiating and parasitic elements using W DR = 0.107λ g and W PE = 0.0714λ g . Again using HFSS Eigen mode solver, simulate the radiating and parasitic element and get the value for Mode-I, Mode-II, and Mode-III frequencies. Now, λ g value is to be updated using Mode-I frequency wavelength for CoP-RDR. Using the same relations for slot dimension and gap length, g = 0.0535λ g but with updated lambda and a few minor tweaks will yield a broadbeam CoP-RDRA.
ANTENNA PERFORMANCE
Parametric sweeps were run to optimize slot dimensions. Figure 5 and Figure 6 show various reflections coefficients with varying slot length and slot width, respectively. It is noted that when one parameter is varied, the other is kept constant. In order to get a broadbeam radiation pattern in two planes, it is imperative to make sure that Mode-I is excited and secondly that its modal resonance bandwidth is increased. From both the figures, it can be observed that as slot length is increased in length, Mode-I is strongly excited. Similarly, as slot width is increased again, the influence of Mode-I becomes stronger. From the parametric sweeps, it can be observed that when slot length and width reach the values of 11.5 mm and 6.5 mm, respectively, the 10 dB return loss or the reflection coefficient becomes most optimum. These slot dimensions are broader than those used typically to excite a mode, and the reason for this is that it helps increase the mode resonance bandwidth.
In order to validate simulated results of the proposed broadbeam CoP-RDRA, a prototype is fabricated and measured, shown in Figure 13 . To fabricate the dielectric resonator structure 2 × (2 × 12 × 18) mm thick off the shelf available ceramic slabs with dielectric constant of 9.8 were joined together with the help of adhesive to form one parasitic element (PE). Similar steps were repeated to form the second PE. For the radiating element, 3 slabs of same size were joined together. Gap length is maintain by filling a 3 mm thick foam with height and width same as those of dielectric resonators. The prototype reflection coefficient was measured with ANRITSU MS4644A VNA, and radiation patterns were measured in a state-of-the-art anechoic chamber. Single element RDRA and coplanar parasitic RDRA (with optimum gap length) both with height 18 mm were simulated to have a clear comparative understanding of the antenna responses. Figure 7 shows the simulated and measured reflection coefficients of the CoP-RDRA as well as a comparison between the operating frequency bandwidths of single element RDRA and CoP-RDRA. It can be observed that the coplanar parasitic RDRA has broader operating frequency bandwidth than single element RDRA. It will be shown later that the beamwidth and beam pattern responses of the CoP-RDRA are also better than the single element RDRA. The simulated operating frequency bandwidth of coplanar parasitic RDRA is from 4.8 GHz to 6.9 GHz. The measured bandwidth is from 5.12 GHz to 6.83 GHz. It is revealed that the widest achievable bandwidth for single element RDRA is from 4.6 GHz to 5.7 GHz with beamwidth bandwidth being only 200 MHz, i.e., from 5.4 GHz to 5.6 GHz. However, the coplanar parasitic RDRA with optimum gap length of 3 mm yields frequency bandwidth of 2 GHz with broadbeam bandwidth of 700 MHz. Additionally, the beamwidths in both planes are uniform implying that the antenna illuminates the area above it uniformly. Figure 8 shows the measured and simulated radiation patterns of the coplanar parasitic RDRA at 5.8 GHz. The measured and simulated patterns are quite in coherence. The simulated xoz beamwidth at 5.8 GHz is 135 • , and measured xoz beamwidth is 144 • . The yoz simulated and measured beamwidths at 5.8 GHz are 117 • and 116 • , respectively. In addition, the cross polar patterns for both xoz and yoz patterns are 20 dB lower than the main beam. Figure 9 and Figure 10 show the simulated and measured radiation patterns at 5.5 GHz and 6.7 GHz, respectively. It is quite evident from radiation pattern figures that beamwidths in E-and H-planes at 5.5 and 5.8 GHz have wide half power beamwidths in both working planes simultaneously. However, radiation pattern at 6.7 GHz is clearly narrow beam in Eand H-planes since this frequency is out of broadbeam band of frequencies. Table 2 lists the simulated and measured beamwidths of CoP-RDRA and simulated beamwidths of single element RDRA. Table 3 compares the estimated beamwidths of prior literature with the proposed antenna. In any of the referenced papers, the beamwidths were not mentioned. 'NA' is mentioned where the antenna proposed in the paper does not yield a broadside radiation pattern. 'NM' is written where the radiation patterns have been neither presented nor mentioned in the paper. It is quite evident from this comparison that the proposed design yields wider beamwidths in both planes than all in the referenced literature. Figure 11 shows the xoz and yoz radiation patterns for a single element RDRA. It can be observed in Figure 11 (a) that there is a dip at 0 • which is 5 dB lower than the peak value in the radiation pattern. This suggests that the pattern contains out of phase components which inhibits it from yielding broadside pattern; on the contrary, the pattern may look and function like that of short vertical electric dipole. Figure 11 (b) clearly shows that the copolar yoz pattern has high back lobe radiation which is approximately 4.5 dB lower than the main beam. The cross polar pattern is also high and is only 10 dB lower than the Table 2 . Comparison of beamwidths. main beam. The yoz beamwidth, however, is found to be 149 • . Figure 12 shows the measured and simulated gain plots of the CoP-RDRA over the entire operational frequency bandwidth. It shows that in the fractional band at which the antenna exhibits broadbeam radiation pattern, and the gain is comparatively low and ranges from 5.5 dB to 6 dB. The red square region marks the frequency band (5.5 GHz to 5.8 GHz) at which the antenna yields wide beamwidth in E-and H-planes simultaneously, i.e., greater than 120 • in both working planes. The frequency band marked in black eclipse region also shows a low gain because at these frequencies the antenna yields wide beamwidth only in E-plane. At frequencies higher than 6.35 GHz, the gain is high. The maximum simulated gain reaches up to 8 dB. Figure 14 shows the measured and simulated antenna efficiencies (%). It ranges from 82% to 87%. Figure 14 . Antenna efficiency.
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CONCLUSION
A novel broadbeam coplanar parasitic rectangular dielectric resonator antenna is presented in this paper. The proposed antenna consists of a main radiating dielectric resonator element and two parasitic elements which play an important role in conditioning the radiation pattern and improving the broadbeam bandwidth. Three modes are simultaneously excited inside the CoP-RDRA by only using a wide slot and not any additional feed mechanisms. However, first two modes are the desired modes which play a role in yielding broadbeam in two planes and enhancing broadbeam bandwidth. E-fields inside the parasitic elements are of fundamental T E x 111 , mode and that of radiating element are of T E x 112 mode. The CoP-RDRA is also compared with a single element RDRA, and the results clearly show that the latter has narrow impedance bandwidth and ripple in the E-plane radiation pattern, and the broadbeam bandwidth is narrow, i.e., 200 MHz.
